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Microglia are the major target for human immunodeficiency virus (HIV) infection within the central nervous system.
Because only a few cells are productively infected, it has been suggested that an aberrant cytokine production by this cell
population may be an indirect mechanism leading to the development of neurological disorders in HIV-infected patients.
Therefore we decided to study the secretion pattern of several interleukins (IL) by microglial cells and peripheral blood
macrophages isolated from uninfected and simian immunodeficiency virus (SIV)-infected Rhesus monkeys. We found that
uninfected, unstimulated primate microglia produce more IL-6 and less TNFa than peripheral blood macrophages, but
generate comparable levels of IL-1b and IL-8. After infection with SIV in vitro, synthesis of all cytokines tested is increased
compared to uninfected cultures and to peripheral blood macrophages. Microglia isolated from infected animals produce
more IL-8 and TNFa than the uninfected cultures and display a strongly increased capacity to secrete TNFa upon stimulation
with lipopolysaccharide. In addition, production of IL-6 by in vivo-infected microglia increases with time in culture to very
high levels despite the fact that only a few cells contained replicating virus. These findings clearly show that the cytokine
production of microglia is impaired after SIV infection both in vitro and in vivo and that a low level of viral replication is
sufficient for these alterations to occur. In conclusion, the results of this study further support a possible role of cytokines
in the pathogenesis of neuro-AIDS. q 1996 Academic Press, Inc.
INTRODUCTION brains in vivo (Toggas et al., 1994). Others have observed
that the metabolism of the uninfected cells can be influ-
HIV infection causes both immunological dysfunction
enced by an uptake of the secreted viral transactivator
and a variety of neurological disorders (Price et al., 1988).
tat (Kolson et al., 1993). On the other hand, evidence from
However, the pathogenesis of the neurological disease
studies of cerebrospinal fluid (CSF) (Gallo et al., 1989,
remains to a large extent obscure. Among the possible
1991; Grimaldi et al., 1991; Laverda et al., 1994) and of
mechanisms underlying neurological dysfunction, two
autopsy material (Tyor et al., 1992; Wesselingh et al.,
must be considered: (a) direct effects of the virus infec-
1993, 1994) suggests an aberrant intrathecal production
tion of neurons and (b) indirect effects resulting from
of cytokines such as IL-1, IL-6, and TNFa in the HIV-neurotoxic products of infected cells. The fact that cells
infected individuals. These cytokines have a variety ofof the monocyte/macrophage lineage including microglia
effects on the CNS: they may be toxic to neural cells(MIC) are the primary target of HIV infection within the
(Robbins et al., 1987; Selmaj and Raine, 1988; Campbellcentral nervous system (CNS) and that only a small frac-
et al., 1993), disturb intercellular communication, or at-tion of the cells is actually productively infected (Koenig
tract cells of the immune system and change the perme-et al., 1986; Wiley et al., 1986), suggests that it is the
ability of the blood–brain barrier, thus possibly contribut-indirect mechanisms that are involved in the generation
ing to the pathogenesis of the neurological complica-of neurological complications.
tions. It is also known that IL-1, TNFa (Merrill and Chen,Other circumstantial evidence also points toward indi-
1991), and IL-8 (Plata-Salaman and Borkoski, 1993) canrect mechanisms. Several investigators have shown that
influence physiological conditions such as body temper-the viral envelope glycoprotein is toxic to the rodent neu-
ature and hormone production. In addition, TNFa, IL-1,rons (Brenneman et al., 1988; Dreyer et al., 1990) and
and IL-6 all have been shown to increase virus produc-
tion (Poli et al., 1993) and thus could potentiate the postu-
1 To whom correspondence and reprint requests should be ad-
lated detrimental effect of viral products.dressed. Fax: (931) 201-3934.
Both the in vitro experiments (Fontana et al., 1982; Frei2 Current address: March of Dimes Birth Defects Foundation, Na-
tional Office, White Plains, NY 10605. et al., 1989; Sawada et al., 1989) and the in situ studies
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(Woodroofe et al., 1991; Tyor et al., 1992; Bauer et al., vided by Dr. R. Desrosiers (Southborough, MA). Another
six animals were used as uninfected controls.1993) have pointed to the MIC as one major source of
these cytokines in the brain, although IL-8 seems not to At necropsy, brains from uninfected and SIVmac-in-
fected rhesus monkeys were thoroughly perfused withhave been investigated in this context. It is therefore
important to assess the cytokine production of the MIC two liters of Hanks’ buffered salt solution (HBSS). Several
coronal slices of brain, 0.5 cm thick, were prepared andin response to both in vitro and in vivo infection with
the immunodeficiency viruses. Studies of macrophages replicate slices were either fixed in 10% formalin, frozen
rapidly or processed for isolation of microglia.(Mf)—the analogue of MIC in the peripheral blood—
have yielded ambiguous results. For instance, Mf iso- For the in vitro infection, the virus strain SIVmac251,
kindly provided by Dr. R. Desrosiers, was used. Stocklated from HIV-infected patients produced elevated levels
of IL-1, IL-6, TNFa (Lepe-Zuniga et al., 1987; Wright et al., virus was prepared on the human T-cell line C8166 and
cultures were inoculated at an m.o.i. of 1.1988; Breen et al., 1990), and IL-8 (Denis and Ghardirian,
1994). For in vitro infection of Mf, differing results have
been reported. In some studies in vitro infection of Mf Isolation of microglia and macrophages
seemingly did not influence TNFa, IL-6, or IL-1b produc-
tion (Molina et al., 1989, 1990; Munis et al., 1990). In MIC were isolated from fresh tissue using a Percoll
gradient technique (Sedgwick et al., 1991) modified forcontrast, other investigators have found alterations in
the cytokine production after infection with HIV in vitro primate brains (Brinkmann et al., 1993). Briefly, after care-
fully removing the meninges in ice-cold HBSS with 2%(Nakajima et al., 1989; Wahl et al., 1989; Poli et al., 1990;
Vyakarnam et al., 1990). Similarly, IL-8 production by the fetal calf serum (FCS), pieces of CNS tissue were minced
and forced through a 100-mesh metal sieve with theperipheral macrophages (PMf) is increased by in vitro
infection with HIV (Esser et al., 1991; Tsai et al., 1991). plunger of a 20-ml plastic syringe. The dissociated mate-
rial was collected by centrifugation at 170 g for 10 minIt is of interest that infection with lymphocyte choriomeni-
gitis virus leads to increased production of IL-6 by murine at 47. The resulting pellet was resuspended in DNase/
collagenase buffer (41 mM MgCl2 , 23 mM CaCl2 , 50 mMMIC compared to uninfected cells (Frei et al., 1989).
Thus far the investigations of cytokine secretion of KCl, 153 mM NaCl) containing 500 U collagenase (Sigma,
Deisenhofen, Germany) and 400 U DNase I (Boehringer,MIC have been limited to rodent cells, which cannot be
infected by HIV (Merrill et al., 1992), and to human embry- Mannheim, FRG) per gram of tissue and digested enzy-
matically for 60 min at 377 in a rocking water bath. Theonic cells, which can be infected, but may display differ-
ent effects (Lee et al., 1993; Chao et al., 1994) because suspension was filled up with HBSS to a final volume of
79 ml, mixed with 21 ml isotonic Percoll (pH 7.4, 1.122they are not fully differentiated. Moreover, in order to
assess metabolic changes of the MIC after infection in g/ml, Biochrom, Berlin, FRG), resulting in a density of
1.030 g/ml and transferred to 50 ml centrifuge tubes onvivo, it is important to characterize cytokine secretion by
MIC isolated from the infected individuals. Macaques top of 5 ml of Percoll at 1.088 g/ml. The tubes were then
centrifuged at 1250 g for 15 min at room temperature.infected with the simian immunodeficiency viruses (SIV)
display most of the characteristics of the HIV infection Cells were collected from the 1.088 interface, washed,
and resuspended in 5 ml HBSS. This cell suspensionin man (Fultz, 1993), including those of CNS disease
(Lackner et al., 1991; Murray et al., 1992). was layered onto a second Percoll density gradient, com-
posed of four layers with densities of 1.124, 1.088, 1.077,We have therefore compared the pattern of secretion
of the cytokines IL-1b, IL-6, IL8, and TNFa by uninfected 1.055, and 1.030 g/ml from the bottom of the tube. This
gradient was again centrifuged at 1250 g for 15 min.rhesus monkey MIC and by those infected with SIV in
vitro and in vivo with the cytokine production of peripheral Cells were collected from the 1.077 interface, washed in
HBSS, and resuspended in RPMI 1640 medium supple-macrophages (PMf). In addition, we have evaluated the
inducibility of these cytokines on stimulation of MIC and mented with 10% human AB/ serum, gentamicine, and
granulocyte-macrophage colony stimulating factor (GM-PMf with a lipopolysaccharide (LPS).
CSF) (Boehringer, Mannheim, FRG). These cells were
seeded in 6-well cluster plates (Nunc, Wiesbaden, FRG)MATERIAL AND METHODS
at a concentration of 105 cells/ml and cultured at 377 with
Animals and virus
5% CO2 . Cultures were used for experiments 7 days after
plating.Juvenile rhesus monkeys (Maccaca mulatta) used for
this study were housed at the Deutschen Primatenzen- Macrophages were derived from the peripheral blood
of normal and SIVmac-infected rhesus monkeys. Mono-trum (Go¨ttingen, Germany) according to veterinary stan-
dards. Six animals were infected by an intravenous injec- nuclear cells were purified from heparinized peripheral
blood by centrifugation through Ficoll-Hypaque (Phar-tion of either the virus strain SIVmac251/32H (N  5),
kindly provided by Dr. M. Cranage (Salisbury, England) macia, Freiburg, FRG) gradients and plated in 6-well clus-
ter plates. After 2 hr of incubation at 377, nonadherentor the molecular clone SIVmac239 (N  1), kindly pro-
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cells were removed by careful pipetting. Adherent cell RESULTS
cultures were established in the same medium and at
Animalsthe approximate density as the microglia and cultured
for 7 days. Four of six infected monkeys remained clinically
asymptomatic and were killed between 15 and 39 months
Microglia and macrophage cultures postinfection (mpi). One animal infected with SIVmac 239
and one macaque inoculated with SIVmac 251/32H de-
Seven days after isolation of microglia and macro- veloped AIDS 5 and 9 mpi, respectively. Clinical disease
phages, adherent cells were trypsinized and detached (AIDS) was characterized by pneumonia and/or diarrhea.
from the plates by a rubber policeman. These cells, which None of the six animals, however, revealed any overt
were more than 95% pure as determined by staining with signs of neurological disease. Postmortem and histologi-
Dil-ac-LDL (Paesel & Lorey, Frankfurt, FRG) (Brinkmann cal examinations demonstrated all six brains to be free
et al., 1993), were transferred to 24-well plates and some of intracerebral secondary infections and tumors. In all
parallel cultures established from the uninfected animals six infected animals moderate infiltrates of mononuclear
were infected in vitro with SIVmac 251 the next day. This cells were detected in leptomeninges, stroma of the
time point is termed Day 0 for all experimental conditions. chorioid plexus, and perivascular spaces, associated
Culture medium was changed every third day. Cells that with low frequency of SIV infection, as determined by in
were stimulated with 10 mg/ml LPS from Salmonella situ hybridization, mainly in MIC characterized by mor-
abortus equi (Sigma, Deisenhofen, FRG) were so treated phological criteria. White matter pathology without SIV
3 days before the collection of the supernatants for the replicating cells was found in all six animals and con-
evaluation of cytokines. Supernatants of six parallel wells sisted of diffuse axonal and vacuolar myelin swelling and
of both stimulated and untreated cells from at least three diffuse or focal microglia proliferation.
different uninfected, in vitro-infected and in vivo-infected
cultures were harvested on Days 6, 18, and 24. Samples Cytokine production by isolated microglia and
were stored at 0707 until they were tested for cytokines. peripheral macrophages
Values were normalized for 104 cells.
The results of this study are derived from three to six
individual animals with six parallel measurements forDetermination of cytokines and viral antigen
every culture condition. Thus, cytokine concentrations
in the supernatants determined at a given time pointConcentrations of cytokines and SIV core antigen in
the supernatants were measured using commercially represent the mean of 18 to 36 single measurements.
All four cytokines were evaluated from each sample. Sta-available sandwich ELISAS for IL-1b (Cistron, Pine
Brook) with a detection limit of 20 pg/ml, IL-6 (R&D Sys- tistical analysis was performed using unpaired t test.
Results at different time points for Mf and at differenttems, Minneapolis, MN) detection limit 3,5 pg/ml, TNFa
(Endogen, Boston, MA) detection limit 5 pg/ml and p27 time points after stimulation with LPS for MIC were not
statistically compared. In order to compare different ex-(Coulter, Hialeah, FL). All tests were carried out ac-
cording to the procedure recommended by the manufac- perimental conditions, time points for collecting superna-
tants were synchronized with the in vitro infection (Dayturers. For determination of IL-8, a solid phase double-
ligand ELISA (Bazzoni et al., 1991) was used. Briefly, 0). Thus, Day 6 actually represents Day 14 after isolation
of the cells.samples and standard (0.02 to 10 ng/ml) were incubated
for 2 hr at 377 in 96-well plates (Maxisorb, Nunc, Wiesba- Before investigating the effect of SIV infection on the
cytokine production, it was necessary to compare normalden, FRG) coated with a mouse monoclonal anti-human
IL-8 antibody. After extensive washing, bound antigen uninfected adult rhesus monkey MIC with PMf in their
capacities to synthesize several monocytic cytokines. Aswas detected with an alkaline phosphatase-conjugated
goat antiserum specific for IL-8. The optical density of depicted in Fig. 1, both unstimulated PMf and MIC pro-
duced small amounts of IL-1b 6 days after the start ofthe converted substrate p-nitrophenylphosphate (Bio-
Rad, Mu¨nchen, FRG) was determined at 405 nm. The the experiments, i.e., about 14 days after isolation. No
IL-1b could be detected in the supernatant of the PMflower detection limit was 0.04 ng/ml. As there is no stan-
dard available for the rhesus monkey cytokines, the later in the course of cultivation. Stimulation of PMf with
LPS increased the production of this cytokine about 10-amount of cytokines in the supernatant was determined
by comparison with the human standards included in the fold only at Day 6 (Fig. 1a). In contrast, as MIC were
cultured (Fig. 1b), the production of IL-1b was increasedtest kits. Each culture supernatant was screened for all
four cytokines included in this study as well as for viral and addition of LPS augmented production of IL-1b by
MIC about 20 times throughout the cultivation period.antigen. Data were analyzed for significant differences
between two population means using a two-sided un- Unstimulated MIC (Fig. 1d) produced approximately five
times as much IL-6 compared to PMf (Fig. 1c). Secretionpaired t test. Results are expressed as mean { SEM.
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LPS throughout the cultivation period (Fig. 1h), but still
remained at a low level.
In summary, uninfected MIC produced higher amounts
of IL-6 but less TNFa than PMf. IL-1b and IL-8 were
produced by both cell types to a similar extent. In contrast
to PMf, which could be stimulated by LPS only within
the first week of the experiments, stimulation of MIC by
LPS continued to raise cytokine production throughout
the time of the experiment.
Cytokine production by isolated microglia and
peripheral macrophages infected in vitro
Previous studies have shown that in vitro infection of
MIC with SIV changed the expression of surface mole-
cules such as CD14 and MHC II (Brinkmann et al., 1993).
Therefore we evaluated whether the SIV infection also
influenced cytokine production by MIC and PMf and
their capacity to react to further stimulation with LPS.
PMf did not display significant changes in their cyto-
kine production upon infection with SIV (Figs. 2a, 2c, 2e,
and 2g). However, infection with SIV in vitro resulted in
a significantly increased production of IL-1b by MIC, as
shown in Fig. 2b. This became prominent 6 days after
the infection, when IL-1b secretion by the MIC was in-
creased almost 20-fold compared to the uninfected con-
trol cultures and to infected PMf. At this time, only small
amounts of viral antigen were found in the supernatant
(Fig. 3a) and less than 10% of the cells were productively
infected as determined by immunofluorescence (data notFIG. 1. Cytokine production by PMf (a, c, e, g) and MIC (b, d, f, g)
isolated from uninfected macaques. Values are expressed as mean { shown and Brinkmann et al., 1993). Twenty-four days
SEM of three to six independent experiments. Open bars represent after infection, the amount of IL-1b in the supernatant of
untreated cultures; shaded bars, LPS (10 mg/ml)-stimulated cultures.
the MIC cultures decreased again to the level found in§, significant difference compared to untreated cultures; &, significant
uninfected MIC and infected PMf. In contrast to unin-difference compared to PMf; *, significant difference compared to six
fected cultures, production of IL-1b by in vitro-infecteddays; ND, not determined.
MIC decreased over time with and without LPS treat-
ment, but this decrease did not reach statistical signifi-
cance. In contrast to the more than 20-fold increase ofof IL-6 by Mf and MIC followed a pattern similar to
that described for IL-1b upon stimulation with LPS. PMf IL-1b production by uninfected MIC after treatment with
LPS, IL-1b secretion by in vitro-infected MIC was in-synthesized large amounts of IL-6, but only when they
were stimulated at the beginning of the cultivation period. creased about 5-fold by LPS treatment (Fig. 2b). Similar
results were observed for the IL-6 production (Fig. 2d).Activation of the MIC with LPS led to a strong increase
in the IL-6 titers in the supernatant throughout the period Six days after infection, MIC displayed a significant in-
crease of IL-6 synthesis by a factor of three as comparedof cultivation. Both MIC and PMf produced a similar
base level of IL-8 (Figs. 1e and 1f), but an increase upon to uninfected cells. Later in the course of the experiment,
in vitro-infected MIC synthesized amounts of IL-6 compa-stimulation with LPS was observed only in MIC. LPS-
treated MIC cultures generated about three times as rable to those generated by uninfected MIC. As depicted
in Fig. 2d, stimulation with LPS resulted in an increasedmuch IL-8 as did the unstimulated controls (Fig. 1f). Of
the cytokines studied, only TNFa was synthesized more IL-6 synthesis only in the first phase following the infec-
tion. Eighteen and 24 days after the infection, IL-6 produc-by unstimulated PMf (Fig. 1g) than by MIC (Fig. 1h). The
capacity of PMf to respond to LPS decreased over time tion by the in vitro-infected MIC could not be further
increased by the addition of LPS to the cultures. Produc-in culture. At Day 6, activated PMf produced about 20
times as much TNFa as unstimulated cells. After 24 days, tion of IL-8 by PMf remained essentially unchanged after
infection with SIV (Fig. 2e). Supernatants of in vitro-in-LPS stimulation no longer led to an increase of TNFa
production. In contrast, the low levels of TNFa synthesis fected MIC cultures contained more IL-8 than uninfected
cultures. LPS treatment did not further enhance produc-by unstimulated MIC were enhanced by treatment with
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cantly the cytokine production on stimulation with LPS
only at Day 6 and did so to a lesser degree than unin-
fected cells. The absolute amount of IL-1b, IL-6, TNFa
in the supernatant of the LPS-stimulated, in vitro-infected
MIC was higher early after infection but equal or less
compared to uninfected cultures at the end of the obser-
vation period of 24 days.
Cytokine production by microglia and peripheral
macrophages isolated from infected rhesus monkeys
Viral antigen was never detected in the supernatants
of PMf isolated from infected animals (Fig. 3b). MIC from
these monkeys released only low amounts of p27 very
late in the course of cultivation (Fig. 3b). The percentage
of productively infected MIC did not exceed 5–10% even
late after isolation (data not shown and Brinkmann et al.,
1993).
In general, PMf isolated from the SIV-infected ma-
caques synthesized all cytokines tested (Fig. 4) in an
amount similar to that generated by PMf from uninfected
animals (Fig. 1). Moreover, stimulation of these cells with
LPS resulted in a pattern of cytokine synthesis similar to
that in uninfected PMf. In contrast, cytokine production
by MIC isolated from the SIV-infected rhesus monkeys
somewhat resembled that of in vitro-infected MIC. In vivo-
infected MIC (Fig. 4b) secreted amounts of IL-1b compa-
FIG. 2. Cytokine production by PMf (a, c, e, g) and MIC (b, d, f, h)
infected in vitro. Values are expressed as mean { SEM of three to
six independent experiments. Open bars represent untreated cultures,
shaded bars, LPS (10 mg/ml)-stimulated cultures. §, significant differ-
ence compared to untreated cultures; &, significant difference com-
pared to PMf; #, significant difference compared to uninfected cul-
tures; ND, not determined.
tion of this cytokine by in vitro-infected MIC (Fig. 2f).
TNFa secretion by MIC was strongly increased after in-
fection with SIV (Fig. 2h) in comparison to uninfected
MIC which produced only marginal amounts of TNFa.
Treatment with LPS further augmented TNFa synthesis
by in vitro-infected MIC. In contrast, LPS stimulation of
SIV-infected PMf led only to a slight increase of TNFa
titers. This inability of in vitro-infected PMf to respond
to LPS was also true for the other cytokines.
In conclusion, in vitro infection lead to increased cyto-
kine production by MIC. In contrast to uninfected cul-
tures, in which the cytokine production increased slightly
during cultivation, in vitro-infected MIC started with
higher levels of cytokines which did not change signifi-
cantly over time. The reactivity of both groups of cells to
the LPS stimulation was affected by the SIV infection.
Infected PMf became almost completely refractive to FIG. 3. Viral antigen in the supernatant of cells infected in vitro (a)
LPS treatment. With the exception of IL-8, the in vitro- and cells isolated from infected animals (b) without further stimulation.
Open squares represent MIC; closed symbols, PMf.infected MIC, however, were able to increase signifi-
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(Fig. 4d) to in vivo-infected MIC can enhance the synthe-
sis of IL-6 only at the beginning of the culture period.
Most interesting, in vivo-infected MIC released extremely
large amounts of TNFa on further stimulation by LPS at
Day 6 (Fig. 4h).
Taken together, these results suggest that uninfected
and unstimulated MIC produced more IL-1b and IL-6 but
less TNFa than PMf. This cytokine production could
be further stimulated by LPS. In general, synthesis of
cytokines by in vitro-infected MIC early after infection
was higher than by uninfected MIC. This difference van-
ished over time, as uninfected MIC produced increasing
amounts of cytokines and in vitro-infected MIC produced
less toward the end of the observation period. Release
of the cytokines by in vitro-infected MIC could be stimu-
lated by LPS, but only to a lesser extent than happened in
the uninfected cultures. If one compares the MIC isolated
from SIV-infected macaques with uninfected MIC and in
vitro-infected MIC, cytokine production at the beginning
was intermediate. Later on smaller amounts of cytokines
were produced as compared to that generated by the
other two groups. The only exception was IL-6, which
exhibited an 8- to 10-fold increase in the supernatant
of in vivo-infected cultures. Cells infected in vivo were
stimulated less by LPS to secrete IL-1b and IL-8 than
were the uninfected ones. They were stimulated to a
similar degree as in vitro-infected MIC. Treatment with
LPS could not further enhance the IL-6 synthesis after
18 and 24 days in culture, which was already produced
FIG. 4. Cytokine production by PMf (a, c, e, g) and MIC (b, d, f, h) at that time in high amounts by the in vivo-infected MIC,
isolated from infected animals. Values are expressed as mean { SEM
but it resulted in a very high TNFa production at theof three to six independent experiments. Open bars represent untreated
beginning of the culture period.cultures, shaded bars, LPS (10 mg/ml)-stimulated cultures. §, significant
difference compared to untreated cultures; &, significant difference
compared to PMf; *, significant difference compared to six days; #,
DISCUSSIONsignificant difference compared to uninfected cultures; ##, significant
difference compared to in vitro infected cultures; ND, not determined.
In recent years evidence has accumulated that indirect
mechanisms such as aberrant cytokine production within
the CNS contribute to HIV-associated neurological syn-rable to those produced by uninfected MIC. Only at 6
days was slightly more IL-1b synthesized. This was also dromes. However, it was not known how infection in vitro
and in vivo with immunodeficiency viruses may alter thethe case with IL-8. At Day 6 approximately 10 times as
much IL-8 was produced by in vivo-infected MIC (Fig. 4f) metabolism of brain cells. Thus the aim of this study was
to determine the effect of SIV infection on the secretionthan by uninfected MIC. In contrast to that in uninfected
cultures, production of IL-1b and IL-8 in the cultures from pattern of cytokines by MIC isolated from rhesus mon-
keys.infected animals decreased during cultivation, which re-
sembled what happened after infection with SIV in vitro. The unstimulated, uninfected MIC of macaques pro-
duce a variety of cytokines. This production is compara-As is shown in Fig. 4h, TNFa production by in vivo-in-
fected MIC was increased, as compared to uninfected ble to that of the PMf, except that IL-6 production is
higher throughout the cultivation period, and TNFa iscontrols, but less than by in vitro-infected MIC. IL-6 pro-
duction by in vivo-infected MIC, however, developed almost undetectable in the supernatant of the MIC, but is
readily detected in the supernatant of the PMf. Similarly,completely differently, as is shown in Fig. 4d. At the be-
ginning of the cultivation period, the amounts of IL-6 syn- human embryonic MIC (Sebire et al., 1993) secrete small
amounts of IL-1b, large amounts of IL-6, but no TNFa.thesized were similar to those in uninfected cultures, but
they increased over time to the levels usually found only This selective regulation of the cytokine production by
the normal MIC may well be very important in the normalin LPS-stimulated cultures. This finding was not corre-
lated with the amount of p27 in the supernatant (Fig. 3b). function of the brain, because central nervous system
cells are extremely sensitive to the adverse effects ofIn contrast to the other cytokines tested, addition of LPS
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TNFa (Selmaj et al., 1988). It also reflects the degree of newborn mice (Frei et al., 1989). Our study has extended
these findings to other cytokines. In vitro infection of thedifferentiation of the MIC from the PMf. In one study
(Sebire et al., 1993) an increase of the cytokine produc- MIC with SIV enhances the low baseline production of
all the cytokines investigated, but does so only in thetion by LPS stimulation was detectable only in the me-
dium containing FCS, which suggests that binding of LPS early period after the infection. Later in the course of the
cultivation, the enhancing effect of the in vitro infectionto CD14 requires FCS, or at least some factors in it. In
our experiments we used only a medium that contained with the SIV on cytokine production may be counteracted
by the viral replication, which leads to the formation ofFCS, and this may be the reason that we have always
observed an enhanced expression of the cytokines after syncytia and a cytopathic effect (data not shown and
(Brinkmann et al., 1993)). Most notably TNFa, which wasstimulation of uninfected cultures with LPS. In the case
of TNFa, our data are in contrast to the study of Sebire absent in the uninfected cultures, is produced in rela-
tively high amounts. Similarly, in a recent study that mea-et al. (1993), in which no TNFa was found in the superna-
tant of the MIC stimulated with LPS. Since we found only sured cytokine mRNA of cultured adult human MIC, a
two- to eightfold increase of IL-1b, IL-6, and TNFa ex-very low levels of this cytokine this difference could be
explained by the sensitivity of the tests used for measur- pression was observed 3 days after infection with mea-
sles virus (Yamabe et al., 1994). Our study extends theing TNFa. Nevertheless, in another study using human
fetal MIC, TNFa was readily detectable up to 48 hr after findings that not only spontaneous cytokine production
by the MIC is altered by viral infection, but also that theirstimulation with LPS (Lee et al., 1993). Although the very
low amount of TNFa found in our study in the supernatant ability to respond to additional stimuli such as LPS is
affected. According to the study of Fischer et al. (1993),of uninfected cultures may be ascribed to the fact that
we did not collect the supernatants until after 72 hr, in the production of TNFa would have been even more
pronounced in the presence of M-CSF instead of GM-additional experiments by us (data not shown) and Sebire
et al. (1993) TNFa was not detected at higher levels at CSF. This would be of particular interest, because M-
CSF is found in the CSF of HIV-infected patients and theearlier time points after stimulation with LPS. Moreover
after stimulation of the SIV-infected MIC with LPS (Figs. in vitro-infected PMf produce high levels of this cytokine
(Gallo et al., 1994).2 and 4) high levels of TNFa could be found. Therefore
the 72-hr timing of collection cannot be the reason for In our study PMf did not display an increased cytokine
production upon infection with SIV. This is in line withthe failure to detect this cytokine in high quantities in
the uninfected cultures. Differences in the experimental some previous studies (Molina et al., 1989, 1990; Munis
et al., 1990) but contrasts with others (Nakajima et al.,procedure may also account for the discrepancy be-
tween this study and the one by Lee et al. (1993). For 1989; Wahl et al., 1989; Poli et al., 1990; Vyakarnam et
al., 1990). This difference has been explained by the factexample, cultivation of the murine MIC in GM-CSF, which
we have used for all our experiments, tends to favor the that in the first group of studies the cells were infected
after a prolonged period of cultivation, whereas in theproduction of IL-6 after the LPS stimulation at the ex-
pense of IL-1b and TNFa, whereas cultivation of such second group freshly prepared cells were used for in
vitro infection. As we have infected the PMf 1 week aftercells in macrophage colony stimulating factor (M-CSF)
has the opposite effect (Fischer et al., 1993). However, isolation, this may as well be the cause for the unaltered
cytokine expression of PMf found in our study. Neverthe-GM-CSF treatment does not abrogate completely TNFa
production and because we have used the same condi- less MIC, infected at the same time after cultivation, still
displayed increased cytokine production, which furthertions for all our experiments and have found high
amounts of TNFa in the SIV-infected cultures, this fact underlines functional differences between these two cell
populations.cannot explain the low levels of TNFa in the supernatants
from the uninfected MIC. Taken together, our findings indicate that an in vitro
infection of the MIC with immunodeficiency viruses re-To our knowledge this study has shown for the first
time that IL-8 is synthesized by the MIC. Only an expres- sults in an increased production of several cytokines. If
there is a parallel production in vivo, this could contributesion of the receptor for IL-8 on human MIC has been
reported in a recent study (Lacy et al., 1995). Because to the neurological dysfunction of patients with AIDS.
Thus we investigated metabolic properties of the MICIL-8 is a chemotactic peptide not only for the neutrophils
but also for the Mf and T-lymphocytes (Oppenheim et isolated from macaques infected with SIV in vivo.
The in vivo-infected MIC produced higher quantitiesal., 1991), expression of this cytokine by the MIC under-
scores the important role that these cells play in the of cytokines than the uninfected MIC, even though almost
no virus was produced. This underscores the previousfunctional immune response within the central nervous
system. findings that MHCII expression was upregulated on all
the MIC cultured from the in vivo-infected macaques,An earlier study, using a rodent model system, demon-
strated that viral infections (viz. LCMV and VSV) in vitro whereas only a few cells expressed viral antigen (Brink-
mann et al., 1993). Both effects correlate well with a studycan increase IL-6 production by the MIC derived from
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employing in situ reverse transcriptase/PCR on brain hanced by a factor of two (Yeung et al., 1995). Another
factor influencing the selective increase of IL-6 produc-samples from HIV-infected individuals with neurological
syndromes, in which many MIC expressed TNFa but tion in the course of cultivation of the infected MIC may
be the effect of GM-CSF (Fischer et al., 1993), becauseonly a few cells expressed HIV mRNA (Wesselingh et al.,
1994). Similarly, another study could not find a correlation omission of GM-CSF prevents the enhancement of IL-6
production (unpublished observation). Nevertheless, thebetween cytokine production and number of infected
bronchoalveolar Mf (Denis and Ghardirian, 1994). These increase in the IL-6 production is characteristic of the in
vivo-infected cultures. This differential regulation of IL-6observations may result from the fact that either many
cells are infected and display changes in their state of synthesis may explain the discrepancies in the detection
of IL-6 in the brain and the CSF of the HIV-infected indi-activation but only a few produce virus or that only a few
infected cells secrete factors that in turn influence the viduals. In one study, larger numbers of IL-6 expressing
cells were found in the brains of AIDS patients than incytokine production of uninfected cells. Thus it has been
shown that heat-inactivated virus as well as recombinant the uninfected controls (Tyor et al., 1992). On the other
hand the IL-6 mRNA levels tended to be lower in thegp 160 or gp41 is able to induce IL-1b and TNFa produc-
tion in rat-mixed glia cell cultures (Merrill et al., 1992) brain samples of AIDS patients with dementia than in
those who did not display dementia or those who wereand that soluble recombinant gp 120 increases cytokine
production in cultured human brain cell aggregates free of the HIV infection. Two studies reported detectable
levels of IL-6 in the CSF (Campbell et al., 1993; Laverda(Yeung et al., 1995). Whereas the effect on cytokine pro-
duction of rodent cells, which cannot be infected by HIV, et al., 1994), but another failed to detect this cytokine in
the CSF (Tyor et al., 1992). It is most likely that the IL-6lasted only for 48 hr (Merrill, et al., 1992) we could ob-
serve in our system an increased cytokine synthesis for production depends on the clinical status of the patients.
MIC isolated from one HIV-infected child (Brinkmannmore than 6 days.
The contradictory findings that TNFa mRNA and pro- et al., 1992) synthesized TNFa and IL-6 at a level similar
to that generated by the MIC obtained from the rhesustein are readily detected in the brains of patients with
AIDS-associated dementia (Tyor et al., 1992; Wesselingh monkeys (data not shown). This finding offers hope that
the results of this study can be related to human AIDSet al., 1993) but TNFa is not detectable in the CSF (Gallo
et al., 1989; Campbell et al., 1993; Laverda et al., 1994), and it strengthens the notion that the SIV infection of
the macaques is a good model system for the study ofcan be reconciled if one assumes that TNFa remains
cell associated and is not secreted. Our results have pathogenesis of the human disease.
Because conflicting results have been obtained con-demonstrated that the MIC-infected in vivo secrete TNFa
and, that in contrast to the uninfected cultures, the TNFa cerning the production of cytokines in the CNS at differ-
ent stages of the HIV infection, further studies must beproduction can be further stimulated by LPS to reach
very high levels. One study employing bronchoalveolar carried out to determine the time course of the cytokine
pattern in the brain and to correlate the levels of differentlavages as a source of tissue resident macrophages has
also found increased TNFa synthesis upon stimulation cytokines with the neurological disease. Such studies
can be best conducted under the controlled conditionswith LPS when cells were obtained from SIV-infected
asymptomatic macaques (Horvath et al., 1991). However, of an animal model system such as the infection of ma-
caques with SIV.when cells were isolated from monkeys with AIDS, TNFa
production was rather decreased upon stimulation with
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